Abstract While selective estrogen receptor modulators, such as tamoxifen, have contributed to increased survival in patients with hormone receptor-positive breast cancer, the
Introduction
The therapeutic targeting of the estrogen receptor has significantly contributed to the decline in breast cancer deaths in recent years. Tamoxifen, a selective estrogen receptor modulator (SERM), has been shown to increase the 15-year survival rate of hormone receptor-positive breast cancer patients when used as an adjuvant systemic therapy [1] . Recently, the benefit of continuing tamoxifen for 10 years after definitive resection of estrogen receptor (ER)-positive breast cancer has been reported [2] , demonstrating that breast cancer cells can remain responsive to ER inhibition for extended periods of time. However, not all ER-positive breast cancers respond to SERMs and the overall benefit of tamoxifen is hindered by both primary (de novo) and secondary (acquired) resistance to the drug, occurring in nearly half of all patients treated with tamoxifen. The development of resistance to established therapies has led researchers to investigate alternative signaling pathways to target. Most Dedra H. Fagan and Lynsey M. Fettig contributed equally to this work.
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solid tumors have multiple signaling pathways altered, making single-agent targeted therapies ineffective. Targeting common downstream signaling nodes or hubs, however, would, in theory, be effective, provided that hub is active in a given cancer.
One common signaling hub found to be upregulated in several solid tumors is the cap-dependent translation pathway. Translation consists of four steps: initiation, elongation, termination, and recycling of ribosomes for continued use. Regulation of translation is controlled throughout the process; however, it is most tightly regulated in the initiation step. Initiation begins with the 43S ribosome subunit associating with the eIF4F translational complex and scanning the messenger RNA (mRNA) in search of the start codon [3] . The eIF4F translation-initiation complex consists of an RNA helicase (eIF4A), a scaffolding protein (eIF4G), and the cap-binding protein eukaryotic translation initiation factor 4E (eIF4E), which is the rate-limiting component of the complex. Mitogenic stimulation positively influences cap-dependent translation through intracellular signaling pathways. Convergence of these pathways occurs through activation of ribosomal S6 kinase and mTORC1, leading to phosphorylation of the translation-repressing 4E-binding proteins (4E-BPs). The primary source of regulation of this pathway occurs through the PI3K/Akt signaling pathway, ultimately relieving translational repression (through release of 4E-BP1 from eIF4E) and via Ras phosphorylation and activation of eIF4E [4] . Recently, the mTOR inhibitor everolimus in combination with tamoxifen has been shown to have a clinical benefit in advanced breast cancer [5] with the suggestion that patients with secondary endocrine resistance received the most benefit.
Because the eIF4F scaffold is downstream of multiple oncogenic pathways, it is not surprising that the capdependent translation pathway is often deregulated in human malignancy. Overexpression of eIF4E has been shown to transform mouse cells [6] , induce tumor formation in a genetic mouse model with constitutive germ line expression of eIF4E [7] , and lead to an aberrant selfrenewal of mammary stem/progenitor cells resulting in preneoplastic mammary gland lesions in a mouse model [8] . Conversely, inhibiting cap-dependent translation in cancer cells with hyperactivation of the pathway using either pharmacologic [9] or genetic [10] manipulation leads to a decrease in xenograft tumor growth. Methods that increase eIF4E phosphorylation result in enhanced nuclear export of mRNAs and can contribute to cell transformation. Evidence from multiple experiments suggests that malignancies driven by different oncogenic pathways converge on and are dependent on hyperactivation of the eIF4F translational machinery.
Cap-dependent translation may be inhibited indirectly via targeting upstream signaling pathways or directly by targeting the eIF4F complex. Indirect targeting may be accomplished through inhibiting pathways that phosphorylate 4E-BPs, such as the PI3K/Akt/mTOR axis or by inhibiting the phosphorylation of eIF4E via the Ras/MAPK/ERK pathway. One disadvantage to indirect targeting is interruption of feedback loops in the case of the PI3K/Akt/mTOR pathway [11] . Direct inhibition of the eIF4F complex may be accomplished through disrupting the formation of the eIF4F complex or inhibiting the binding of eIF4E to the mRNA cap. Several pharmacologic compounds have been developed, such as 4EGI-1 [12] and 4E1RCat [13] , which inhibit cap-dependent translation by preventing the eIF4E-eIF4G interaction. Multiple strategies designed to antagonize the eIF4E-cap interaction have also been developed. Decreasing eIF4E expression through the use of an antisense oligonucleotide (ASO) [14] and inhibiting cap binding through the use of chemical cap analogues, such as 4Ei-1 [15] have both demonstrated the ability to inhibit capdependent translation. The development of these agents has led to their exploration in multiple cancers, especially those with hyperactivation of the eIF4F pathway.
In this study, we sought to determine the role of the eIF4F translation pathway in an in vitro model of tamoxifen resistance. We found tamoxifen-resistant (TamR) cells had hyperactivation of the eIF4F pathway and enhanced capdependent translation. Further, inhibition of the pathway through either genetic or pharmacologic methods significantly inhibited the growth of TamR cells and partially restored their sensitivity to tamoxifen. Our findings suggest inhibition of the eIF4F pathway may be effective in endocrine-resistant breast cancer.
Materials and Methods
Cell Lines and Culture Cells were grown in a humidified atmosphere containing 5% CO 2 at 37°C and supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin. MCF-7L cells were obtained from C. Kent Osborne (Baylor College of Medicine) and cultured in improved MEM Richter's modification medium (zinc option) containing 11.25 nmol/L insulin and 5% FBS. TamR cells were generated and cultured as previously described in media containing 100 nM 4-hydroxytamoxifen (Sigma) [16] . T47D cells were obtained from ATCC and cultured in a MEM medium (with Earle's salts and L-glutamine) containing 6 ng/L insulin, 100× non-essential amino acids, and 5% FBS. All cell lines are examined annually for mycoplasma infection and authentication by short tandem repeat analysis.
Plasmids, Retroviral Infection, and Transfection Retroviral infection protocol and generation of the MSCV-M1GR1 constructs containing a green fluorescent protein (GFP) reporter and expressing 3HA-tagged 4E-BP1 A37/A46 and eIF4E have been previously described [10] . The bicistronic reporter system used (pcDNA-rLuc-polIRES-fLuc) was generated as previously described [17] . GFP-positive cells were isolated using a Becton Dickinson fluorescence-activated cell sorting (FACS) DiVa (BD) with a 530/528 optical filter. For transfection, 2 × 10 5 cells/well were plated on a six-well plate in media without antibiotic. The next day, cells were transfected with 50 or 100 nM ASO using Oligofectamine (Invitrogen) according to the manufacturer's instructions. Cells were incubated with Oligofectamine in Opti-MEM media (Invitrogen) for 6 h. Media were then removed and replaced with normal growth media without antibiotics. RNA for polyribosome preparations was collected the next day.
Immunoblot and Cap-Binding Analysis Experimental procedures used have been previously described [17] . Lysates were clarified, and then protein concentration was determined using the bicinchoninic acid protein assay reagent kit (Pierce). Even amounts of protein (40 or 50 μg) were resolved on an SDS-PAGE gel and transferred to a nitrocellulose membrane. Blots were probed with the following primary antibodies: antiactin (Sigma), anti-eIF4E (Transduction Laboratories), antieIF4E (Cell Signaling), and anti-eIF4G from Dr. Sonenberg (McGill University). ImageJ software was utilized to determine the relative density of protein bands.
Cell Proliferation Assay Cells were cultured in media containing dextran-coated charcoal (DCC) FBS for 24 h before plating. Cells were plated in a six-well plate at a density of 1 × 10 4 cells/well and allowed to equilibrate overnight. Full DCC FBS-containing media were replaced with phenol redfree IMEM supplemented with 5% DCC FBS and tamoxifen added at the concentrations indicated in the figures. Cell were cultured for 5 or 7 days and then trypsinized and counted on a Coulter Counter (Beckman Coulter) or a hemocytometer.
Anchorage-Dependent Colony Formation Cells were plated at a density of 1000 cells/well in triplicate in a six-well plate. Cultures were continued for 10 days and then fixed with 4% buffered formalin and stained with Coomassie blue, and pictures were taken. Colonies >3 pixels were quantified using GeneTools image analysis software (Syngene).
RNA, Polyribosome Preparations, and RNASeq Analysis
Total RNA was collected using TRI Reagent (Sigma) according to the manufacturer's directions. Polyribosome-stratified RNA was fractionated and prepared as previously described [18] . Ten fractions were collected into tubes containing 10% SDS. RNA from these fractions was purified using TRI Reagent (Invitrogen). We obtained raw sequence reads from four samples of polyribosome-stratified RNA (two from parental tamoxifen-sensitive cell line and two from TamR cell line) and four corresponding raw sequence reads from total RNA. The raw sequence (fastq) was mapped to the human genome (NCBI build 36) using bowtie2 in TopHat (version 2.0.1) [19, 20] to generate BAM files. Then, the read counts for each transcript were calculated using the BAM files through bedtools (version 2.17.0) [21] . A negative binomial model has been considered a suitable model to analyze read count data generated from RNASeq experiments in the literature [22] . In addition, we use the total RNA read counts as offset in the negative binomial regression model to adjust for variation in RNA abundance across samples as implemented by Larsson et al. [23] . The empirical Bayesian method was applied to calculate tag-wise dispersions towards [24] . Differentially expressed genes between TamR and parental MCF-7L cells with p values <0.05 were considered in gene set enrichment analysis using the curated KEGG database.
Cell Cycle and Apoptosis Analysis Cells were treated with either 100 nM tamoxifen or vehicle for 24 h and then fixed with ethanol and stained with propidium iodide, and DNA content was analyzed on a FACSCalibur flow cytometer (BD) as previously described [18] .
Statistical Analysis Statistical analysis was performed using either a one-way ANOVA with Tukey's post hoc test or an unpaired t test. A p value <0.05 was considered significant unless otherwise noted.
Results

Acquired Tamoxifen Resistance in MCF-7L Breast Cancer Cells Requires Hyperactivation of eIF4F-Mediated Translation
Prior to examining the influence of tamoxifen resistance on translation, TamR MCF-7L cells were generated and characterized [16] . We next compared the protein expression levels of translational machinery components in the parental and TamR cells in both the presence and absence of tamoxifen (Fig. 1a) . TamR cells displayed an enrichment of the hyperphosphorylated (inactive) isoform of 4E-BP1 (isoform γ), an alteration favoring eIF4F assembly, and increased cap-dependent translation through the release of eIF4E from sequestration by 4E-BP1. Cell lysates derived from tamoxifen-resistant MCF-7 and T47D cells were also subjected to cap analogue captured in order to examine the integrity of the eIF4F complex. eIF4E bound to the cap analogue is associated with its binding partners. Immunoblot analysis of the pull down shows that, while the integrity of the cap-dependent initiation complex decreased with tamoxifen treatment in tamoxifen-sensitive cells, the integrity of eIF4F increased with tamoxifen treatment in TamR cells, reflecting an increase in translational potential in both tamoxifen-resistant cell lines (Fig. 1b, c) .
Since MCF-7 cells have served as a model for endocrinesensitive breast cancer [25] , we focused our work on this cell line. We examined the effect of tamoxifen on translation by 
T47D TamR
isolating ribosome-bound mRNA. MCF-7L and TamR cells were treated with tamoxifen for 24 h, and then total RNA was stratified into ten fractions by sucrose gradient centrifugation.
Translationally active transcripts, with more bound ribosomes, migrate more rapidly through the gradient and are found in the heavy fractions (fractions 7-10). With tamoxifen treatment, a clear difference can be seen between the tamoxifen-sensitive MCF-7L cells and the TamR cells, with TamR cells having a larger percentage of mRNA in the heavy fractions (Fig. 1d) . Additionally, we examined the relative levels of both capdependent and cap-independent translations in MCF-7L and TamR cells using a dual-luciferase bicistronic reporter system (Fig. 1e) . While there was no significant difference in the capindependent translation between the two cell lines, TamR cells have a 1.8-fold increase in cap-dependent translation compared to wild-type MCF-7L cells.
Genome-Wide Analysis of Polysome Preparations Revealed Enrichment of Translation-Related Pathways in TamR Cells
To examine the genome-wide effect of enhanced capdependent translation in TamR cells, we performed the RNASeq analysis on polyribosome preparations isolated from parental MCF-7L and TamR cells. mRNA was isolated and separated based on the number of bound ribosomes. For each cell line, both polyribosome-bound RNA (bound to greater than or equal to four ribosomes) and total cellular RNA were isolated and submitted for RNASeq analysis. Heavy ribosomal read counts (those RNAs bound to greater than or equal to four ribosomes) were compared between TamR and parental MCF-7L cells while adjusting total mRNA read counts as offset. To detect basal gene changes in the presence of tamoxifen between the cell lines, cells were starved for 24 h prior to being treated with tamoxifen (in the presence of charcoalstripped serum) for 24 additional hours. We identify 21 transcripts with a false discovery rate of less than 0.05. A heatmap of the ratio of heavy ribosomal read counts and total mRNA read counts is shown in supplemental Figure 1 . A list of differentially expressed genes with p < 0.05 is provided in supplemental Table 1 . Among the top 2000 differentially regulated genes listed, 182 genes were reported to be upregulated by Lin et al. [26] . Among the top 2000 downregulated genes, 199 were reported to be downregulated by Lin et al. This common set of upregulated and downregulated genes is shown in supplemental Tables 2 and 3 . Using a p value <0.05, we performed gene set enrichment analysis using the curated KEGG pathway database. The KEGG-enriched pathways for TamR versus parental MCF-7L cells are shown in Table 1 . Several translation-related pathways are highly significant, including ribosome (KEGGID: 03010), ribosome biogenesis in eukaryotes (KEGGID: 03008), and RNA polymerase (KEGGID: 03020). In addition, the phosphatidylinositol signaling pathway (KEGGID: 04070), which lies upstream of the mTOR pathway and leads to the activation of cap-dependent translation, was also found to be enriched. Thus, tamoxifen resistance is associated with increased translation of pathways associated with capdependent translation. As we showed that tamoxifen resistance is associated with an increase in levels of hyperphosphorylated 4E-BP1, leading to the release of eIF4E from sequestration, we investigated if overexpression of eIF4E would confer partial or complete resistance of MCF-7L cells to tamoxifen treatment. MCF-7L cells were transduced with lentiviral particles containing either a control plasmid (vector) or a plasmid containing HA-tagged eIF4E (HA-eIF4E). After cells were GFP sorted, the level of eIF4E expression was determined via immunoblotting (Fig. 2a) and the relative level of cap-dependent translation was characterized (data not shown). While the relative level of cap-dependent translation increased in HA-eIF4E cells, there was no significant effect seen on monolayer growth in an MTT assay (Fig. 2b) or anchorage-dependent colony formation in a clonogenic efficiency assay (Fig. 2c, d ) compared to vector control cells when treated with tamoxifen. Thus, overexpression of eIF4E alone does not confer resistance to tamoxifen treatment in proliferation or anchorage-dependent colony formation.
We next transduced TamR cells with lentiviral particles containing either a control plasmid or a plasmid expressing Fig. 1 Analysis of the eIF4F translational complex in tamoxifensensitive and tamoxifen-resistant (TamR) MCF-7L breast carcinoma cells. a Cells were treated for 24 h with 100 nM tamoxifen or vehicle and then lysed using three freeze-thaw cycles. Equal amounts of protein were separated on an SDS-PAGE gel and immunoblotted with specific antibodies for the translational factors eIF4GI and eIF4E and the translational inhibitors 4E-BP2 and 4E-BP1. b MCF-7L (left) and T47D (right) cell lysates treated with either 100 nM tamoxifen or vehicle were incubated with 7-Me GTP Sepharose resin to capture the cap-binding protein eIF4E and its partners. The cap-bound material was eluted, subjected to SDS-PAGE, and immunoblotted. c Changes in integrity of the eIF4F complex in response to tamoxifen were quantified as differences between vehicle and tamoxifen treatments in eIF4GI/4E-BP1,2 relative density (R.D.) of the blots shown in b. d Plates of actively proliferating cells were treated for 24 h with 100 nM tamoxifen and then with cycloheximide (100 μg/mL) for 5 min followed by trypsinization and lysis. Cytoplasmic extract purified from the lysate was layered onto a sucrose gradient and then fractionated into ten, 1 mL fractions. Fractionated RNA was normalized to total RNA. e Cells transfected with a dual luciferase reporter construct (pcDNA3-rLuc-polIRES-fLuc) overnight. Transfection media were replaced with media containing 5% FBS and grown for another 24 h. Cells were then lysed, and levels of luciferase were read using a Dual-Luciferase Reporter Assay System (Promega) a 4E-BP1 mutant that cannot be inactivated (4E-BP1 A37/ A46 ) by phosphorylation, causing irreversible inhibition of eIF4E. 4E-BP1 A37/A46 levels were evaluated post sorting via immunoblotting (Fig. 2e) . In contrast to the wild-type cells, 4E-BP1 A37/A46 expression in TamR cells resulted in a significant reduction in cell number in response to tamoxifen, while vector control cells remained resistant to tamoxifen (Fig. 2f) . A similar response to tamoxifen in 4E-BP1 A37/A46 -transduced TamR cells was seen when anchorage-dependent colony formation was assessed (Fig. 2g, h ). Previous work (data not shown) showed that this construct reduced the sensitivity of cells to estradiol and IGF-I. In these tamoxifen-resistant cells, the data suggest that irreversible inhibition of eIF4E in TamR cells partially restores sensitivity to tamoxifen.
Downregulation of eIF4E with Antisense Oligonucleotides Cooperated with Tamoxifen to Suppress Growth and Viability of TamR Cells
In order to further investigate the role of eIF4E in tamoxifen resistance, an eIF4E-targeted antisense oligonucleotide (4E-ASO) was used to knock down levels of eIF4E in TamR cells (Fig. 3a) . Mock and mismatch ASO (MM ASO)-transfected cells were used as controls. To elucidate the effect of eIF4E knockdown on translation, a polyribosome preparation was performed on the MM ASO-and 4E-ASO-treated cells (Fig. 3b) . 4E-ASO treatment resulted in a decrease in the heavy fraction of total RNA compared to the MM ASOtransfected cells, indicating a decrease in mRNA translation.
Similar to overexpression of the mutant 4E-BP1 A37/A46
, 4E-ASO-treated TamR cells have a significant reduction in proliferation (Fig. 3c ) and anchorage-dependent colony formation (Fig. 3d, e) with tamoxifen treatment. Thus, decreasing eIF4E expression also partially restores tamoxifen sensitivity in TamR cells. . f To evaluate cell growth, cells were plated in triplicate in a six-well plate and grown in 5% DCC FBS and either tamoxifen or vehicle for 5 days and then trypsinized and counted. g Stable cells were plated in triplicate in a six-well plate. After 24 h, media were replaced with media containing either tamoxifen or vehicle. Cells were allowed to grow for 10 days and then fixed and stained. Percent area was quantitated and graphed in h. A one-way ANOVA with Tukey's post hoc test was used to compare the difference between vehicle and tamoxifen-treated groups 
Inhibition of eIF4E in TamR Cells Suppressed Actively Proliferating Cells and Increased Levels of Apoptosis with Tamoxifen Treatment
In order to determine the mechanism of eIF4F inhibition of TamR cells, we examined cell cycle progression and apoptosis by flow cytometry. Tamoxifen treatment had no effect on cell cycle progression of the vector-treated cells and a minor effect on MM ASO-treated cells. However, tamoxifen significantly decreased the percentage of actively proliferating cells in the 4E-BP1 A37/A46 cell line (Fig. 4a) as well as the 50 nM 4E-ASO-transfected cells (Fig. 4b) . Additionally, TamR 4E-BP1 A37/A46 cells showed a significant increase in apoptosis as measured by sub-G1 peak when treated with tamoxifen (Fig. 4c) , an observation supported by a decrease in colony number in anchorage-dependent colony formation (data not shown). There was also a significant increase in the percent of apoptotic cells with tamoxifen treatment in 4E-ASOtransfected cells (Fig. 4d) . These data suggest that inhibiting the eIF4F pathway in conjunction with tamoxifen treatment results in both decreased cell cycle progression and apoptosis in TamR cells.
TamR Cells Display Increased Sensitivity to Inhibition of cap-Dependent Translation Using 4E1RCat Compared to Tamoxifen-Sensitive Cells
4E1RCat is a small molecule inhibitor of eIF4E that blocks both the eIF4E:4E-BP1 and eIF4E:eIF4G interactions, thereby preventing cap-dependent but not cap-independent translation. Treatment of MCF-7L and TamR cells with 3 or 5 μM 4E1RCat resulted in a significant decrease in cap-dependent translation without significantly altering cap-independent translation (Fig. 5a ) measured by the reporter assay. To determine the effect of 4E1RCat on proliferation in MCF-7L and TamR cell lines, cells were treated with vehicle or 4E1RCat for 5 days. Compared to MCF-7L cells, 3 μM 4E1RCat treatment suppressed TamR monolayer growth (Fig. 5b) , indicating TamR cells were more sensitive to 4E1RCat treatment. Both MCF-7L and TamR cells were suppressed by 5 μM 4E1RCat. Additionally, there was also a significant decrease in anchorage-dependent colony formation in both cell lines; however, the difference when MCF-7L cells were compared to TamR cells was not significant (Fig. 5c, d ; data not shown). In all assays, treatment with 4E1RCat resulted in decreasing successfully inhibits proliferation and colony formation. a To evaluate the effectiveness and specificity of 4E1RCat, a dual-luciferase reporter construct (pcDNA3-rLuc-polIRES-fLuc) was transfected overnight into MCF-7L and TamR cells. Cells were then treated with 4E1RCat at the concentrations indicated for 24 h, and levels of luciferase were read. b To examine the effect of 4E1RCat on cell proliferation, 1 × 10 4 cells/well were seeded into a six-well plate and grown in media containing 5% FBS plus either vehicle or treatment at the concentrations indicated. After 5 days, cells were trypsinized, stained with trypan blue, and counted. c The effect of eIF4E inhibition on anchorage-dependent colony formation was addressed using a clonogenic efficiency assay. Cells were plated in a six-well plate in triplicate in full growth media. The next day, media were replaced with media containing the treatments indicated. After 10 days, cells were fixed and stained with Coomassie blue, and the area was assessed as described in Fig. 2 . Results were graphed in d. Significance was assessed using a one-way ANOVA with Tukey's post hoc test cells to basal (untreated) status; therefore, adding tamoxifen to 4E1RCat treatment did not result in a further decrease in translation, proliferation, or anchorage-dependent growth (data not shown). Thus, TamR cells are responsive to pharmacologic inhibition of eIF4F-mediated translation and may be more sensitive to treatment than tamoxifen-sensitive cells.
Discussion
Resistance to endocrine therapy is a major clinical problem in breast cancer. Typically, primary resistance is defined as a lack of benefit from endocrine therapy documented by the progression of disease within 6 months of treatment. Secondary resistance occurs when progression occurs after 6 months of clinical benefit of endocrine therapy. Most of the preclinical data model secondary resistance as most ER-positive cell lines display a growth requirement for estradiol. Analysis of cells selected for secondary endocrine resistance has shown the activation of the PI3K pathway [27] . Indeed, the approval of the mTOR antagonist everolimus has validated the importance of this signaling. In addition, multiple other clinical trials are underway to study other pathway inhibitors such as Akt and PI3K itself. Since the PI3K pathway results in the activation of the mRNA cap-dependent translational machinery, it is plausible that enhanced translation is a mechanism for endocrine resistance.
To evaluate this possibility, we studied the cells we previously created to be resistant to tamoxifen. These cells demonstrated upregulation of cap-dependent mRNA translation as shown by hyperphosphorylation of 4E-BP1, increased eIF4G binding to eIF4E, and elevated levels of mRNA bound to the heavy ribosome fraction. While forced expression of eIF4E alone did not result in tamoxifen resistance, cells selected for resistance to tamoxifen were sensitive to inhibition of this pathway. Notably, mTORC1 activation increases ribosomal biogenesis [28] which was able to be shown in evaluating the ribosome-bound mRNA species. These results are consistent with the therapeutic benefit of mTOR inhibitors in tamoxifen-resistant breast cancer. The clinical results suggest that mTOR inhibition is most effective in the treatment of patients with secondary resistance to tamoxifen [5] . This clinical finding is consistent with our results, and enhanced activity of the cap-dependent translational machinery is not sufficient to cause primary resistance.
While mTORC1 inhibition is now approved for the treatment of endocrine-resistant breast cancer, one problem with drugs of this class is the disruption of the negative feedback pathway to insulin and insulin-like growth factor signaling. By inhibiting mTORC1, the key adaptor protein insulin receptor substrate 1 is not downregulated [11, 29] . This disruption of negative feedback leads to increased activation of pathways upstream of mTORC1 including Akt. While the clinical implications for this upregulation are not clear, it is notable that insulin-like growth factor and insulin signaling have been implicated in endocrine resistance [30, 31] . We have also shown the insulin-like growth factors regulate gene transcription and are sufficient to active transcriptional activity of ER [32] . Thus, inhibition of transcriptional and translational activities mediated by growth factors and their downstream effectors should be effective in treating endocrine-responsive and endocrine-resistant breast cancers. Further, identifying targets that do not further enhance PI3K activity would be valuable. Our data show that inhibition of cap-dependent translational does not affect upstream signaling (data not shown).
We used several genetic constructs, antisense oligonucleotides, and a pharmacologic inhibitor to show that disruption of the cap-dependent translation reduces tamoxifen resistance. Thus, inhibition of this process, alone or in combination with upstream signal transduction inhibitors, might be clinically exploited. Further development of drugs specifically designed to suppress cap-dependent translation should be developed to validate the importance of this pathway. 
